Abstract. The present investigation highlights methane adsorption on synthesized Activated Carbons (ACs) based upon hydrothermally treated cellulose and lignin followed by chemical activation utilizing ZnCl2 as the activating agent. The in uence of e ective parameters such as hydrothermal pretreatment, precursor type, carbonization temperature, and impregnation ratio on the textural properties of synthesized materials as well as adsorption capacities of methane was examined. Thermal stability and decomposition procedures of cellulose and lignin were determined through the TGA technique while all prepared ACs were characterized via N2 adsorption-desorption analysis utilizing BET-BJH surface area measurement and Field Emission Scanning Electron Microscopy (FESEM). Amongst all prepared materials, the AC that was produced through impregnating hydrothermally treated cellulose with ZnCl 2 with the ratio of 1 and carbonized at 600 C revealed improved surface and textural properties and enhanced methane storage. Furthermore, hydrothermal pretreatment provided micro-pore diameters ranging from 1.8 to 2.2 nm. This resulted in 6.42 mmol.g 1 of methane adsorbed at 298 K and 3.65 MPa. In order to systematically understand behaviors of adsorbents in the process at hand, several kinetic and isotherm models were investigated.
Introduction
Natural Gas (NG) is considered to be an important energy supply and a non-renewable source being inexpensive and abundantly available in the present world. The major problem of using the NG as fuel is believed should possess: (i) high micro-porosity (i.e., pores with sizes below 2 nm) for storage of small molecules like methane, (ii) low bulk density, to have high volumetric storage capacity, and (iii) high speci c surface area with reactive-adsorptive sites for e cient adsorption [2] . Some adsorbents used for NG storage include zeolites [3] , carbon nanotubes [4] , and metalorganic frameworks [5, 6] . In addition, in many cases, Activated Carbons (ACs) [7] demonstrate higher volumetric adsorption besides being simpler and having less expensive preparation procedures [8] . Extensive research has been carried out to explore applications of ACs for the NG storage purposes [9, 10] .
Chemical activation with di erent agents including KOH, NaOH, H 3 PO 4 , and K 2 CO 3 as well as physical activation with CO 2 and steam has been applied for preparing the AC materials. By using chemical activation instead of the physical one, energy consumption and operating cost decrease; meanwhile, carbon yield increases and large micro-pore volume and surface area are obtained. Furthermore, the former activation leads to better porous structure than the physical one does [11] . Lignin and cellulose are carbon-rich and potentially available materials; hence, their transformation into ACs is considered to be economically feasible [12] while providing proper textural characteristics. Studies on the ACs produced from the lignin and cellulose indicate that carbon content of lignin is higher than that of cellulose; thus, the micropore volume of the AC produced from the former is higher than that from the latter [13] . On the other hand, the content of hydroxyl groups in the structure of cellulose is higher than that in lignin, causing creation of higher total pore volume and speci c surface area in the structure of the produced AC [14] . In addition, utilizing hydrothermal carbonization (HTC) processes for producing ACs has recently been reported [15] . HTC, a wet thermal process, takes place at low temperatures (180-300 C) in a closed system under relatively high pressure. During carbonization, a series of reactions occur, leading to generation of a carbonrich, high energy and density material referred to as hydrochar [16] . This results in incipient porosity and a special morphology, making it a suitable precursor for producing ACs [17] . Hence, the AC prepared in this manner has a well-de ned micro-porous structure with high pore volume, speci c surface area, and good yield.
Recently, a researcher produced a nano-structured activated carbon with a high speci c surface area (1700 m 2 .g 1 ), large pore volumes (composed of microand meso-pores equal to 0.79 cm 3 .g 1 ), and an average pore diameter of 1 nm through hydrothermal pretreatment of hazelnut shells activated with the KOH solution [18] . In another work done, ACs were prepared from lignocellulosic materials by hydrothermal pretreatment followed by physical activation [19] . The resulting hydrochars had a weak porous structure with low-quality surface chemistry. However, activation with CO 2 developed a micro-porous structure with a BET surface area of up to 438 m 2 .g 1 .
In the present study, samples of activated carbons were prepared from hydrothermally pretreated cellulose and lignin using ZnCl 2 as an activating agent. E ects of the hydrothermal process and variable parameters such as impregnation ratio and carbonization temperature on textural and chemical-surface properties as well as methane storage capacities of the products were examined.
Experimental 2.1. Materials
The microcrystalline cellulose used in this work was obtained from the Merck Chemical Company (product#102331 with molecular formula of (C 6 H 10 O 5 ) n ). Elemental analysis of this white powder carried out by the vendor revealed C = 44 wt%, H = 6 wt%, and O = 50 wt%. The lignin with the molecular formula of (C 9 H 10 O 2 ) n used in this work was a brown powder purchased from the Sigma-Aldrich Inc. (product#471003 with low sulfonate content of 4wt%). Elemental analysis of this powder performed also by the vendor showed C = 61.4 wt%, H = 4.9 wt%, ash = 0.7 wt%, and O = 29 wt%. The activating agent of ZnCl 2 (50 wt%) was purchased from the Merck Chemical Company (product#108816).
Synthesis of activated carbons
The hydrothermal pretreatment of raw cellulose and lignin was carried out through the following procedure. At each run, 10 g of raw material was mixed with 50 mL of deionized water and then, transferred into a stainless steel autoclave with removable internal cylindrical Te on. Filling factor of the autoclave was about 0.83. Then, the autoclave was placed in a furnace maintained at 250 C and equilibrated pressure of 2 MPa (i.e., a mild set of hydrothermal condition) for 3 h. Afterwards, this was left to quench at room temperature. The solid product of this treatment, referred to as the hydrochar, was separated from its surrounding liquid through ltration and washed thoroughly with distilled water. Finally, it was dried at 120 C for 6 h in an oven. Next, the dried hydrochar was impregnated with the 50 wt% solution of ZnCl 2 activating agent at agent/precursor impregnation ratios of 0.5, 1, and 1.5. The impregnated samples were dried at 120 C for 24 h. Then, carbonization was carried out at 500, 600, 700, and 800 C under constant N 2 ow of 250 mL/min. The heating rate applied was 4 C/min and the carbonization time was set to 60 min. All products were ultimately washed thoroughly with distilled water and HCl. The resulting activated carbon was dried overnight. In addition, two samples were produced from cellulose and lignin without the aforementioned hydrothermal treatment.
Characterization
The thermal stability analysis of lignin and cellulose was performed through Thermo-Gravimetric Analysis (TGA) technique (Mettler Toledo 851 analyzer). Samples were heated from the room temperature to 800 C with a rate of 10 C/min in a nitrogen atmosphere at a ow rate of 15 mL/min. The initial mass of every sample was 0.5 g at each run. The textural properties of the prepared ACs were characterized with a gas sorption analyzer (Micromeritics 2020 ASAP analyzer). BET surface area, pore volume, micro-pore volume, and average pore diameter were determined through nitrogen adsorption-desorption isotherms at 77 K (i.e., the BET-BJH surface area measurement). The FESEM images were obtained by a eld emission scanning electron microscope (HITACHI S-4160) to explore the morphologies of the synthesized samples.
CH 4 adsorption measurements
2.4.1. Adsorption isotherms of CH 4 on the samples In order to examine the CH 4 adsorption capacities of the prepared adsorbents, an in-house-made volumetric apparatus was used under equilibrium conditions. The utilized rig had been provided in a previous publication by this research group [20] .
Obtaining experimental adsorption kinetic data
To investigate the time dependency of the CH 4 adsorption upon the synthesized sorbents, pressure of the adsorption column was recorded at every 10 s interval until the adsorption system reached equilibrium. At that point, the pressure of the adsorption column became constant. Thus, through specifying the initial adsorption column pressure, one might calculate the adsorbed amounts of the CH 4 at di erent time intervals, leading to kinetic evaluations of the system.
Methane adsorption calculations
To determine the amount of adsorbed methane, the dead volume measurement was crucial. It investigated the macro-and meso-pores through which methane adsorption might not take place and was performed by helium injection. The volumes of helium penetration into gas tank and the sample cell were assumed to be V 1 and V 2 , respectively. The former (i.e., V 1 ) was calculated using the initial pressure in the gas tank (P 1 ) and V 2 was the total volume calculated at the equilibrium pressure of the entire system (P 2 ). The dead volume was thus obtained through Eq. (1):
After helium injection and degassing at the temperature of 200 C in vacuum, methane injection was performed. In order to determine the mole numbers of methane, Eqs. (2) and (3) were utilized:
n M;eq = P M;eq V Z M;eq RT ;
in which n M;ini and n M;eq represent the initial and equilibrium mole numbers of methane, respectively. Furthermore, Z M;ini and Z M;eq represent the initial and equilibrium compressibility factors of methane before and after equilibrium, respectively. Thus, the total mole number of methane entered into the sample cell was determined through Eq. (4):
Finally, the total mole of adsorbed methane was calculated through Eq. (5):
where, n Void is the amount of gas in the dead volume calculated from Eq. (6):
Here, P M;eq is the equilibrium pressure of the system and V Void is the corresponding dead volume.
3. Results and discussion 3.1. Characterization results 3.1.1. N 2 adsorption-desorption isotherms of the samples In order to examine textural characteristics of the AC materials and e ects of di erent synthesis parameters on them, nitrogen adsorption-desorption isotherms for all synthesized samples were determined; the results are presented in Figures 1 to 3 . According to obtained results in this work, most samples were of type I in the IUPAC classi cation, showing the microporous structure of the materials. Moreover, some isotherms exhibited hysteresis, i.e. they contained both micro-and meso-pores. Figure 1 (with logarithmic scale) exhibits the N 2 isotherms obtained for four di erent samples at low relative pressures (P=P 0 < 0:1). The isotherms of the materials produced with hydrothermal treatment followed a classical type-I behavior, suggesting possession of a permanent microporous structure. However, for samples synthesized with no hydrothermal treatment, type-IV behavior was observed. The group-1 ACs (i.e., with hydrothermal treatment) presented a sigmoidal shaped N 2 adsorption behavior (see the logarithmic scale) corresponding to strong adsorption of N 2 onto the pores. Consequently, pore ll-up was usually observed for smaller pore sizes. Moreover, the pressure range of micro-pore occupations increased with enhanced pore diameter of ACs in the group-2 materials (i.e., without hydrothermal treat- ment). Thus, higher values of relative pressure (i.e., P=P 0 ) were observed for monolayer formation. Indeed, in group-2 ACs, signi cant sorption di erences from group-1 were observed at higher relative pressures due to the multilayer formations or probably 2D condensations phenomenon.
E ects of precursor type and carbonization temperature on the textural properties
Textural characteristics of all synthesized samples are demonstrated in Table 1 . One can observe that cellulose-based materials produced higher BET surface areas and total pore volumes than lignin-based ones did at all corresponding carbonization temperatures. Presence of more hydroxyl groups in the structure of cellulose caused higher amounts of volatile gaseous compounds released. This left behind higher surface area and pore volume in structure of the nal product. On the other hand, presence of more carbon in the structure of lignin led to producing higher extents of micro-pores (i.e., V micro =V total ) in the related samples.
On the other hand, higher carbonization temperatures produced higher V micro =V total and smaller average pore-diameters. However, for both cellulose and lignin-based materials, at carbonization temperatures above 700 C, the pore diameter increased while the V micro =V total ratio was lowered. At temperatures higher than 700 C, widening of the pores probably caused further pore development, leading to lowering of the micro-pore volume. Similar results were also reported for brown coal-based activated carbons and ACs prepared from peach stone carbonized at 850 and 900 C, respectively [21] .
E ect of hydrothermal treatment on the textural properties According to the results of Table 1 , the samples produced from cellulose and lignin haydrochars revealed lower BET surface areas than those with no hydrother- mal treatment. Besides, the total pore volumes (V total ) of the samples produced with no hydrothermal processing were higher than those of their hydrothermal counterpart. Nonetheless, their V micro =V total ratios were rather low. This might be due to the sudden release of volatile functional groups such as OH, C=O, COOH, and volatile components existing in the cellulose's and lignin's internal structure, leaving larger pores behind mainly of meso type.
E ect of impregnation ratio on the textural properties
The optimum amount of ZnCl 2 used as activating agent led to high methane adsorption in comparison with the virgin adsorbent. This was because of materials possessing higher BET surface areas and micro-pore volumes in addition to narrowing down the pore size distribution after incorporating the agent into the precursor. In the present study, the optimum impregnation ratio of 50 wt% activating agent to the precursor type was revealed to be 1. These results were in agreement with those of the N 2 adsorption-desorption isotherms for the samples presented in Figure 3. 3.1.2. TGA and DTGA graphs of lignin and cellulose The TG and DTG analyses of cellulose, lignin, and optimum sample (cellulose impregnated with ZnCl 2 of impregnation ratio of 1 and carbonized at 600 C) are presented in Figure 4(a)-(c) . In the thermal decomposition pro les of cellulose and lignin (Figure 4(a) and (b)), a very distinct peak was observed at temperatures between 30 and 100 C, which was related to the release of physisorbed water. However, a signi cant peak was observed at 300-400 C and attributed to the degradation of cellulose and lignin structures. In the current research, the DTGA peaks were at 366 C for the cellulose and 326 C for the lignin, both in acceptable agreement with previous work done by other researchers [22] reporting the DTGA peaks of 350 C for cellulose and 315 C for lignin. In this study, the nal yield of lignin was higher than that of cellulose due to more volatility of the structure of cellulose. According to Figure 4(c) , in the cel-Z-600-1 sample, the thermal decomposition occurred at several stages. From 50 to 400 C, the weight loss was due to the release of water and decomposition of cellulose (happening at temperatures lower than 365 C). It means that ZnCl 2 proceeded to decompose the cellulose at low temperatures, hence limiting the char formation [23] . Then, a signi cant weight loss occurred at about 520 C in the main activation. This was due to the main porosity formed in the space left behind by the ZnCl 2 species after being washed away with distilled water and acid, rather than volatilization of the material at its boiling point of 732 C [24] . Figure 5 presents the FESEM images of some selected AC samples synthesized in this research, revealing their morphologies. It indicates that the external surfaces of ACs prepared from cellulose and lignin activated with ZnCl 2 were full of cavities resulting from washing with distillated water and acid. Moreover, vaporization of volatile components existing in the internal structure of the samples such as OH, CO, and CO 2 functional groups and the Cl 2 gas molecules due to the ZnCl 2 species led to this structure. These results were consistent with those obtained by other researchers [25] .
FESEM images of the prepared ACs
3.2. Methane adsorption experimental data 3.2.1. E ects of the precursor type This study revealed that, as a precursor for preparing ACs, cellulose led to materials with higher methane adsorption capacities than lignin did. In addition, the lignin-based samples possessed lower textural characteristics, such as BET surface area and V total , than cellulose-based ones, leading to lower methane adsorption capacities. It is noteworthy that, in general, e ective micro-pore size of the adsorbent should be three to six times higher than that of the adsorbate. Thus, for an adsorbate methane molecule with a diameter of 0.38 nm, a material with pore diameters ranging from 1.2 to 2.2 nm is considered to be suitable as an adsorbent. Table 1 indicated that pore diameters of synthesized ACs in this research were well within this range. Figures 6 and 7 , hydrothermal treatment a ected methane adsorption capacities positively for both cellulose-and lignin-based materials. In other words, in case of cellulose-based sorbent, methane adsorption capacity was enhanced from 4.05 to 6.34 mmol.g 1 and, in case of lignin-based sorbent, it increased from 3.75 to 5.12 mmol.g 1 at 298 K and 3.8 MPa. Figures 8 and 9 provide information on the carbonization temperature e ects on the methane adsorption.
Hydrothermal treatment According to the results presented in

Carbonization temperature
It was noteworthy that creating the initial porosity and enriching the carbon content of the precursor were the purposes of carbonization. According to the results of the textural characteristics exhibited in Table 1 , 600 C was the optimum carbonization temperature at which such properties of both types of samples (i.e., lignin-and cellulose-based) were at their best positions, leading to the highest methane adsorption on cel-Z-600-1 and lig-Z-600-1 samples. In other words, the methane adsorption capacities of cel-Z-600-1 and lig-Z-600-1 species were determined to be 6.42 and 5.06 mmol.g 1 at 298 K and 3.65 MPa, respectively.
Impregnation ratio
In uence of the impregnation ratio on methane adsorption is displayed in Figure 10 .
Based upon the results presented in Table 1 , amongst all three synthesized cellulose-based samples, the \cel-Z-600-1" with impregnation ratio of 1 exhibited the optimum textural properties, including the highest speci c surface area as well as relatively high micro-and total pore volumes. Moreover, this led to the highest methane adsorption capacities throughout the considered range of pressures at 298 K (please see Figure 10 ).
CH 4 equilibrium adsorption modeling
Investigation into the adsorption thermodynamics of the studied systems was carried out through applying three di erent adsorption isotherms. The objective was to determine which model might describe the adsorption process more accurately. Langmuir (Eq. (7)), Freundlich (Eq. (8)), and Sips (Eq. (9)) equations were chosen to analyze the experimental data in this work. The following relations provided these models: q = q m :b:P 1 + b:P ; 
where q m (mmol.g 1 ) is a Langmuir parameter related to the maximum adsorption capacity of methane Figure 10 . Adsorption isotherms of methane on activated carbons produced from cellulose hydrochars at 600 C with di erent impregnation ratios of 0.5, 1, and 1.5 prepared in this study.
on the prepared activated carbons and b (MPa 1 ) is a Langmuir parameter related to the intensity of methane adsorption. K F (mmol.g 1 .MPa 1=n ) is the Freundlich constant and n is surface heterogeneity parameter of the solid. The constant K F is an approximate indication of the adsorption capacity, while 1=n is a function of the strength of adsorption [26] . However, K F and n are characteristic parameters of the sorbent-sorbate system that should be determined through tting with the experimental data. The model parameters with correlation coe cient, R 2 , are represented in Table 2 and the simulated isotherms by the Langmuir, Freundlich, and Sips models are shown in Figure 11 . Here, the data for the optimum cel-Z-600-1 sample are demonstrated. As shown in Table 2 , for some samples, the n Figure 11 . Comparison of theoretical adsorption isotherms using the Langmuir, Freundlich, and Sips models with experimental data for the cel-Z-600-1 sample in this research.
value was greater than 1, indicating that the adsorption was cooperative and the surface should not be assumed homogeneous; both were consistent with results of other researchers [27] . In addition, the value of q m , indicating the maximum adsorption capacity, was higher for the sample produced from cellulose than for that from lignin-hydrochars. This might be due to the higher BET surface areas and total pore volumes as well as acceptable micro-pore volumes of the samples prepared from cellulose. In addition, the value of K F (i.e., the intensity of adsorption) for the samples produced from cellulose and lignin hydrochars at 600 C with impregnation ratio of 1 was superior. One can observe in Table 2 that Sips, as a combination of Langmuir and Freunlich models, ex- Table 2 . Isotherm constants of Langmuir, Freundlich, and Sips models for methane adsorption by activated carbons at 298K according to the experimental data of the current paper. 
where n is the number of the experimental data, and q exp (mmol.g 1 ) and q cal (mmol.g 1 ) are the amounts of experimental and calculated adsorbed methane on the activated carbon surfaces through the adsorption isotherm model, respectively. It should be noted that as the value of r s becomes closer to 1, the relative error of the equation is lowered; hence, it becomes more precise. Thus, based upon the values of error indicators presented in Table 2 , the Sips model was chosen as the best one for describing adsorption of methane on the prepared activated carbons.
CH 4 adsorption kinetic modeling
Kinetic investigations always provide signi cant information about the mechanism of a given process. Hence, to examine the mechanism of adsorption in this research, the CH 4 adsorption on the optimum sample (cel-Z-600-1) was studied as a function of time. The obtained results are demonstrated in Figure 12 .
As indicated in this gure, CH 4 sorption was rather rapid during the rst 30 s and, afterwards, it steadily continued to increase until equilibrium was achieved. Most probably, in the rst 10-30 s, the CH 4 molecules contacted external surfaces of the sorbents. Next, these molecules di used into the AC's pores and were adsorbed on its internal surfaces. In other words, initially, the reactive-adsorptive sites on the external surfaces of the sorbent led to a rather intensive adsorption. Then, it was followed by a slow di usion process. The experimental data were compared with several kinetic models including PFO (Pseudo First Order), PSO (Pseudo Second Order), and FL-PFO (Fractal-Like Pseudo First Order). The adjustable parameters with corresponding coe cient of determination, R 2 , and Spearman's correlation coe cient, r s , are exhibited in Table 4 . The tted kinetic models with experimental data are further demonstrated in Figure 12 . Again, is the parameter related to the heterogeneity of the adsorbent's surface and is often determined to be greater than 1, indicating the complexity of the adsorbent-adsorbate interactions. It should be noted that k i (i = 1; 2) was the kinetic constant of the aforementioned models due to the initial methane adsorption (e.g., during the rst 30 s) on the external surfaces of the sorbents until reaching an equilibrium plateau. In fact, greater values of k i might result in greater extent of initial adsorptions. As it can be observed in Table 3 and according to the more accurate kinetic model of FL-PFO (based upon the related values of R 2 and r s ), the values of k i were lowered due to decrease in the BET surface area of the materials considered (please see Table 1 ). Hence, it could be predicted that the sorbents possessing higher speci c surface areas would lead to more pronounced initial adsorption. Figure 12 as well as the data provided in Table 3 show that the FL-PFO kinetic model theoretically best tted the obtained experimental data due to its one more adjustable parameter than the other models utilized in this work.
3.2.7.
A comparison between the current and recent CH 4 adsorptions Table 4 represents the CH 4 adsorption capacity of some carbon-based adsorbents under a wide range of operating conditions of temperature and pressure. The data were prepared under di erent synthesis conditions of carbonization temperatures and types of activating agent. It became evident that, for the majority of cases, the carbonaceous adsorbents prepared in this work adsorbed higher amounts of CH 4 than their openliterature counterparts under the same conditions. Satisfactory performances of the obtained optimum adsorbents in the current study (i.e., cel-Z-600-1 and lig-Z-600-1 samples) were due to the combination of three major factors, including the hydrothermal pretreatment, carbonization temperature, and ratio of a prevalent activating agent to the AC materials.
Conclusion
The hydrothermal pretreatment of cellulose and lignin species made highly micro-porous volumes and narrow pore diameter distribution of around 2 nm suitable for methane adsorption. Carbonizing at optimum temperature further allowed for development of micro- pores on the internal structure of samples. Moreover, e ects of ZnCl 2 as the activating agent and in uences of di erent parameters on the textural and structural properties as well as methane storage capacities of produced ACs were investigated. It was revealed that both carbonization temperature and impregnation ratio had great e ects on textural quality of the nal products. In addition, optimum temperature and impregnation ratio resulted in a product with a high BET surface area, micro-porous volume, and appropriate pore diameter size for methane adsorption. Moreover, the AC materials produced from cellulose, carbonized at 600 C, and activated by ZnCl 2 with the impregnation ratio of 1 provided the highest capacity for methane storage, which amounted to 6.42 mmol.g 1 due to the highest V micro =V total ratio, suitable average pore diameter, and considerable speci c surface area. Amongst several models considered, the Sips isotherm satisfyingly tted the determined experimental data. This led to the conclusion that the nature of the sorbents surfaces considered was heterogeneous. Then, the kinetics of CH 4 adsorption on the prepared ACs were studied. Considering several kinetic models revealed that the FL-PFO equation satisfyingly described this system with a goodness of t of above 97%. In this regard, the adsorption constants demonstrated to be time dependent, which was considered as a consequence of the aforementioned surface heterogeneity of the synthesized materials. 
